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Abstract 
Some robots often have to be made compact as they work in limited spaces, for example, in disaster rescue sites and operation 
theatres for surgery. One of the problems in downsizing the robots is how to fabricate the joints which are complicated and tend 
to be large. Coiled springs with high rectangular ratio recently have started to be used as the joint mechanism, because they are 
compact, easy to be bent, and able to convey strong twist force. However, these springs are now made by machining, resulting 
in low productivity and high cost. In this study, a new and inexpensive forming method is proposed, where a stainless wire is 
wound around into the shape of coiled spring, and subjected to upset in the spring axis direction. The finite element analysis 
was conducted for estimation of the work-hardening. The high work-hardening will realize the high yield stress, which is one of 
important features required for robot joints, as they must be used without plastic deformation. Based on the analysis, a series of 
experiments were carried out, and the formed springs were evaluated in terms of tension, torsion and bending characteristics. 
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1. Introduction  
In recent years, robots which replace the work of people have been expected in various scenes. For example, 
robots have been developed for welding ship and car from 1980s (Sugitani et al., 1989), for disaster relief from 
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2000s (Kamegawa et al., 2007). Therefore robots have become indispensable machine to work in places where 
people cannot approach. In particular, although robots are recently applied to the medical field, there is a problem 
for compactness of the joint parts for performing operation. When robots are used for laparoscopic surgery, burden 
on the patient is reduced by minimizing the incised area using a compact joint. For the purpose of compactness of 
the joint, Tadano et al. (2009) developed of surgical robot using pneumatic drive. The surgical robot by Haraguchi 
et al. (2011) has the forceps manipulator to move freely in the body, because coiled springs which are compact, 
easy to be bent, and able to convey strong twist force, are adopted. One of the unique points of the coiled spring is 
that it has a cross section of high rectangular ratio. An outline of the forceps manipulator is shown in Fig. 1. The 
coiled spring, which works as a compact joint, is connected to the actuator via wires. However, it is difficult to 
manufacture compact coiled springs using conventional forming process. Machining is the only available method 
for manufacturing coiled spring with high rectangular ratio around 2.5 or more. The price of this kind of robot 
inevitably arises due to the manufacturing cost of the compact coiled springs. Manufacturing technology for the 
springs can be a key technology for practical use of the robot with low-cost. 
Therefore, this paper presents a new and inexpensive forming method of coiled springs which are compact, easy 
to be bent, and able to convey strong twist force. The characteristics of the coiled springs formed by the proposed 




Fig. 1. Outline of surgical manipulator with spring joint. (a) Example of the forceps manipulator in operation. (b) Forceps and joints of spring in 
manipulator. (Haraguchi, 2011)  
 
2. Forming method of coiled spring with high rectangular ratio 
The coiled springs need to have a cross section with high rectangular ratio in order to have a feature that springs 
are compact, easy to be bent and efficient to convey strong twist torque. An outline of the coiled springs is shown 
in Fig. 2. Rectangular ratio is defined as b/h in Fig. 2. It is difficult to manufacture the coiled spring by 
conventional coiling processes, an example of which is shown in Fig. 3, because the wire has a high flexural 
rigidity and strength in the winding direction. Therefore, a new processing method is proposed in order to form 
coiled springs with high rectangular ratio.  
The new process upsets ordinary springs with circular cross section in the direction of coil axis. An outline of 
the forming method is shown in Fig. 4. Experimental set up is composed of a die, a container, a punch and a punch 
support. The container is made of medium carbon steel S45C (JIS), the die and punch support are of tool steel 
SKD11 (JIS), and the punch is of cemented carbide. SUS304 is used for the spring because of its chemical stability 
inside the human body. Springs with circular cross-section are compressed to specified height by hydraulic 
universal testing machine UH-1000kNA. There is no gap between the coils after compression. Accordingly, the 
springs are stretched for coil axis direction so that the coil height h and gap g might be equal as shown in Fig. 2(b). 
Initial coil spring has a diameter DC2 of 12.3 mm and a cross-sectional diameter d of 2.0 mm before compression. 
The coil spring was compressed into the coil spring with a diameter DR2 of 13.2 mm, cross-sectional height h of 
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1.0 mm, width b of 3.0 mm, resulting in high rectangular ration of 3.0.  
An example of coil spring with high rectangular ratio is shown in Fig. 5. The coil spring is significantly work- 
hardened during the compression. Therefore, the FE analysis was carried out for the approximation of work- 
hardening. A result which reproduced the forming method is shown in Fig. 6. The distribution of equivalent plastic 
strain after compression is shown as an example of analysis. Although the coil spring actually has a spiral shape, it 
was assumed that the strain distribution would be equal to that of donut-shaped rings in the analysis. Only the cross 
section of one of the donut-shaped rings was resumed in the 2D axisymmetric analysis around y-axis. According to 
the analysis result, the equivalent plastic strainHp reached 1.0 in the center of the cross section.  
In the next section, the characteristics of the coiled spring under load are evaluated using the FEM considering 
the work-hardening during the compression by using work-hardened stress-strain diagram for the material of the 
spring. It is assumed that the whole part of the cross section should be subjected to the work-hardening 
corresponding to the Hp of 1.0 in the compression. The material should have a stress-strain relationship as shown in 
Fig. 8(b), which is obtained as the broken line in Fig. 8(a) from the initial diagram of solid line. 
 
 
Fig. 2. Coiled springs. (a) With circle in cross-section, (b) with rectangle in cross-section. 
 
 
Fig. 3. Bend-forming of spring by a mandrel on a lathe.  
 
 
Fig. 4. (a) New forming method for forming springs with high rectangular ratio in cross-section (b) After compression forming. 
 
 
Fig. 5. Coiled springs with high rectangular ratio in cross section fabricated by the proposed method. 
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Fig. 6. Work hardening estimation in cross section in terms of equivalent plastic strain by FEM. 
 
 
Fig. 7. Difference of stress-strain diagrams for received material and work-hardened material. 
 
3. Tensile characteristics 
Haraguchi et al. (2011) showed the efficiency of robot manipulator which used the coil springs with high 
rectangle ratio. However, it is only the efficiency as a manipulator and the evaluation was based on surgeons' 
interpretations, and no data was shown in terms of the spring characteristics itself. Quantitative evaluation has been 
needed for the characteristics of the coil spring.  
Therefore, the tensile characteristics, which are the most representative features for elastic parts, are evaluated 
by FEM and experiment. The combined effect of cross-sectional shape and work-hardening on the characteristics 
were clarified both the FEM and experiment. The FEM was additionally used to reveal the separate effect of cross-
section and work-hardening. Detailed conditions are shown in Table 1. In Case 1, the wire was wounded to coil 
spring in experiment with slight work-hardening caused by winding. Case 1 was resumed in FEM without work 
hardening, i.e. with the stress-strain relationship in Fig. 7(a). In Case 3, the coil wire with circular cross section 
was compressed into rectangle cross section with severe work-hardening. Case 3 was resumed in FEM using the 
stress-strain relationship in Fig. 7(b). In Case 2, the wire has a rectangular cross section without work-hardening. 
Case 1 spring is available in market. Case 2 spring is obtained by machining, and is used in Haraguchi's 
manipulator. Case 3 spring is obtained by the proposed method.  
While the number of coils in experiment Ne was 9, the number in FEM Nf was 3 in FEM. In the graphs in the 
remainder part, the FEM value of displacement was converted for comparison by multiplying by Ne/Nf. The load-
displacement diagrams of tensile test results are shown in Fig. 8. Load-displacement diagrams of elastic 
deformation are calculated based on the theory of "the strength of material", and they are shown as broken or 
dashed lines. 
 
   Table 1. Type of coil spring evaluated by FEM and experiment. 
 Cross section Material state Examination method Fabrication method 
Case 1 Circular As received FEM    (Coil number = 3) 
Experiment (Coil number = 9) 
Ordinary spring 
available in market 
Case 2 Rectangular As received FEM Spring fabricated by 
machining 
Case 3 Rectangular Work-hardened FEM     
Experiment 
Spring formed by the 
proposed method 
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Fig. 8. Load-displacement diagrams (a) Comparison of cross-sectional shapes by FEM, (b) comparison of materials by FEM, (c) comparison 
FEM and Experiment in circular cross-section, (d) comparison FEM and Experiment in rectangular cross-section. 
 
The FEM result in Fig. 8(a) show the effect of the cross sectional shape on the spring tensile property, i.e. the 
difference between Case 1: ordinary spring in the market with a circular cross section and Case 2: machined spring 
with high-rectangular-ratio cross section. The spring constant, which is the slope of the curve, in Case 2 is lower 
than that in Case 1.  The spring of Case 2 with low spring constant is suitable for manipulators, as it is easy to 
control the shape.  
Fig. 8(b) shows the comparison between Case 2: machined spring and Case 3: work-hardened spring, both of 
which have a cross section with high rectangular ratio. Although the spring constant is almost the same, the spring 
of Case 3 has much higher elastic limit than the spring of Case 2. That is to say the spring of Case 3 is much safer 
than that of Case 2 when they are used in surgical manipulators because the high elastic limit would lead to high 
fatigue strength.  
Fig. 8(c) and (d) shows the experimental verification for the springs of Case 1 and Case 3 respectively. The 
similar tendencies were obtained. The spring constant of Case 1 is similar to the FEM results, and the spring of 
Case 3 has a higher elastic limit than that of Case 2. The quantitative difference between the FEM and experiment 
would be attributed to the difference of constraint condition. While the springs were ideally constrained at their 
ends in the FEM, slip must have occurred in the experiment. 
 
4. Mechanism of tensile characteristics 
The cross sectional shape affect the spring constant. While the spring constant of circular shape kC was 13.5 
N/mm for the circular cross section, the value of rectangular shape kR was 9.9 N/mm in FEM results in the 
previous section. The mechanism of cross section effect is examined in this section. Fig. 9 shows the increment of 
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the equivalent strain distribution at the elastic limit for Cases 1-3 during the tension test. In Case 1 of circular cross 
section, the equivalent strain has a concentric pattern with the higher value at the outer part in the cross section. It 
is because the cross section is subjected to torsional deformation during tension of the coil spring. On the other 
hand, in Case 2 of rectangular cross section, the equivalent strain pattern is not concentric. The strain is higher at 
the coil inside, and the low-strain area stretches along the major axis of the rectangle. It is said that the spring 
constant is linear to the following values (Liesecke, 1933) 
 
ܫେ = ݀ସ  (Circular shape)         
 
ୖܫ = ܾଶݐଶ  (Rectangular shape)        (2) 
 
As the index IC = 16×10-12 m4 and IR = 9×10-12 m4, the amount of the spring constants are in the same order. 
The elastic limit was much improved by the work-hardening during compress for Case 3. The maximum 
equivalent strain of Case 3 was 3 times as large as that of Case 1. Therefore, it is concluded that the proposed 
method, which deform the wire cross section to a rectangular shape with high rectangular ratio along with work-
hardening, is a suitable process to manufacture coil springs for robots and devices, such as surgical manipulators. 
 
(a) (b) (c) 
   
Fig. 9. Distribution of equivalent strain increment during tension test at the beginning of plastic deformation. (a) Case 1, X9 = 4.1 mm, (b) Case 
2, X9 = 4. 1mm, (c) Case 3, X9 = 11.3 mm.
 
5. Conclusion 
(1) This paper presents a new forming method of coil springs with a rectangle cross section with high rectangular 
ratio. The proposed method is much more cost effective in manufacturing than the conventional machining.  
(2) Quantitative evaluations were conducted on the performance of the coil spring with high rectangular ratio, 
which has stated to be used as a component of surgical manipulators. The coil springs, formed by the proposed 
method, have two advantages. Firstly, the coil spring with a cross section of a high rectangular ratio reduce the 
spring constant, compare to a circular cross section, leading to easiness for controlling the shape of the spring, 
when it is used in surgical manipulator. Secondly, the work-hardening enlarged the elastic limit, leading the 
safety of the coil spring, compared to the machined coil spring. 
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